Introduction
ε-Poly-L-lysine (εPL, Fig. 1 ) is a homopolymer of L-lysine linked by the peptide bond between the carboxyl and ε-amino groups.
1,2 Industrially, εPL has been produced by a fermentation process using Streptomyces albulus. To date, εPL consisting mainly of 25 -35 L-lysine residues has been produced and used as a natural preservative in food products. 3 Recently, it has been presented that the εPL can be applied advantageously as an enzyme stabilizer, 4 and an enhancer for an enzymatic reaction with a negative charged substrate. 5 Also, the synthetic enzyme, εPL-synthetase, was identified, and the biosynthetic mechanism has been elucidated. 6, 7 Thus, screening the synthetic enzyme to produce higher-or lower-molecular-weight εPL species as well as a more efficient one has become an important subject for further applications.
In such a bioengineering study, the distribution of the degree of polymerization (n) of products as well as the produced amount has been determined by a HPLC technique. 8 However, it is not easy to detect a small amount of εPL, particularly, lower-molecular-weight εPL species in the culture broth, because their elution peaks are overlapped with those of the polar culture components. A sample pretreatment is thus required for HPLC analysis. However, no separation method suitable for the pretreatment has been reported.
In an acidic solution, εPL exists in a polycationic form due to the protonation of the α-amino group. 9 It has been known that cationic polymers, such as poly(diallyldimethylammonium) and poly(metacrylpropyltrimethylammonium) cations, form precipitates with amphiphilic or hydrophobic anions. 10, 11 In this study, we found that the tetraphenylborate (TPB -) anion can be used as a precipitation reagent for the polycationic εPL, and that εPL can be separated on the basis of the precipitation reaction.
By the addition of NaTPB to an εPL producing culture broth, εPL can be precipitated as a polyelectrolyte salt with the TPB -anion. Since the TPB -anion forms precipitates with K + , NH4 + , and some amine compounds, 12,13 a mixed precipitate would be obtained from the culture broth. However, the polycationic εPL salt with the TPB -anion can be purified by washing the mixed precipitate with acetone. By mixing the polycationic εPL salt and a high-concentration HCl solution, the TPB -anion is decomposed immediately to triphenylborane and benzene, 14 which are soluble in acetone. Simultaneously, εPL forms a hydrochloride salt, which is precipitated by the addition of a larger volume of acetone to the mixture. Thus, εPL has been successfully separated and purified from the culture broth. The detailed experimental results are described below. A biopolymer ε-poly-L-lysine (εPL) exists as a fully protonated form (εPLH n+ ) in solutions at pH < 4. Around pH 3.5, at which the tetraphenylborate (TPB -) anion is not decomposed immediately, the εPLH n+ cation associates with the TPBanion to form a precipitate of 1:n stoichiometry, εPLH(TPB)n. By the addition of NaTPB to a culture broth containing εPL and NH4 + and K + ions, not only the polycationic εPLH n+ but also the monovalent cations would be precipitated with the TPB -anion. However, εPLH(TPB)n was purified by washing the mixed precipitate with acetone, in which NH4TPB and KTPB are soluble. By mixing the εPLH(TPB)n precipitate and a high-concentration HCl solution, the TPB -anion was decomposed immediately to hydrophobic molecules. By the addition of a much larger volume of acetone to the reaction mixture, the decomposition products dissolved in the solvent. Simultaneously, εPL was precipitated as the hydrochloride salt. Thus, εPL has been separated and purified from the culture broth. Also, the method has been successfully applied to the separation of oligomeric εPL species. The present chemical separation method is rapid, simple, and easy to carry out, and can be utilized in bioengineering studies of such basic peptides or polyamines. that the standard material consists mainly of the εPL species with n = 25 -35. An analytical grade of sodium tetraphenylborate was obtained from Dojindo, and was used without further purification. The NaTPB aqueous solution was prepared freshly each day. Sodium octanesulfonate of ion-pair grade and acetonitrile for HPLC were obtained from Nacalai Tesque, and were used for preparing the mobile phases of chromatography. Other chemicals were of reagent grade, and used as received.
Separation and Purification of ε-Poly-L-lysine

Preparation of real sample
ε-Poly-L-lysine was produced in a culture medium containing 5% glucose, 1% (NH4)2SO4, 0.5% yeast extract, 0.158% Na2HPO4, 0.136% KH2PO4, 0.05% MgSO4·7H2O, 0.004% ZnSO4·7H2O, and 0.003% FeSO4·7H2O (pH 6.8). In the medium, S. albulus CR1 (wild type strain) was cultivated for 3 days at 30 C in the same manner as that described previously. 7 
Measurements
A separated εPL species was detected and characterized by an ultra HPLC (UHPLC) system (Agilent 1290 Infinity UHPLC system). A Sunniest C18-HT column (2 μm, 2.1 mm i.d. × 50 mm) was used for separation at 50 C. An aqueous solution and a 60% acetonitrile-water mixed solution were used for mobile phases A and B, respectively. Both solutions contained 10 mmol/L NaH2PO4, 100 mmol/L NaClO4, and 10 mmol/L sodium octanesulfonate, and were buffered at pH 2.0 with H3PO4. The A/B mixing ratio was kept at 50/50 for 0.3 min, and was varied linearly to 40/60 at 1.0 min, and consecutively to 30/70 at 4.0 min. The flow rate was kept constant at 1 mL/min throughout the experiment. Detection was achieved with UV absorbance at 210 nm (A210).
The concentration of free TPB -ion in the reaction media for the precipitation of the polycationic εPL was determined spectrophotometrically with a JASCO V-530 spectrophotometer. The light pass was 1 cm, and distilled water was used as the blank solution.
Results and Discussion
Precipitation of polycationic εPL with TPB -anion
Although εPL is a polyacidic base, the pH titration curve clearly gives an equivalence point. 9 Figure 2 shows the pH titration curve of 20 mL of the 7.5 g/L εPL aqueous solution with a 100 mmol/L HCl aqueous solution. The equivalence point pH was around 4, so that εPL can be assumed to exist in the fully protonated form (εPLH n+ ) at pH < 4. In this paper, the equivalent concentration of εPL is referred to as the positive charge of the fully protonated form. Subsequently, test solutions containing εPL were buffered at pH 3.5 with 100 mmol/L CH3COOH and 5 mmol/L NaOH. Even 2 h after the addition of NaTPB, the buffer solution did not become turbid, indicating that the TPB -anion was not decomposed immediately at pH 3.5. Also, a 100 mmol/L Na2SO4 was added to the test εPL solutions to adjust the ionic strength to as high as the culture broth.
By the addition of 50 μL of a 200 mEq/L NaTPB solution (Eq = equimolar) to 1 mL of a 5 mEq/L εPL solution (pH 3.5), a white precipitate was formed immediately. The precipitate was too hygroscopic to be identified directly at that time. Thus, in this section, the precipitation reaction has been considered based on the analysis of the supernatant. From the supernatant, the εPL species was not detected by the UHPLC, indicating that almost all of the εPLH n+ species was precipitated from the mixture. A 500-μL amount of the 2.5 mEq/L εPL aqueous solution was mixed with 8 mL of acetonitrile, and the mixture was filled up to 10 mL to prepare a 20-fold diluted solution of the standard TPB -solution, of which the UV absorption spectrum is shown in Fig. 3a . As shown in Fig. 3b , the spectrum of the 20-fold diluted solution of the supernatant gave UV absorption that originated from the TPB -ion, indicating that the concentration the free TPB -anion in the supernatant (cTPB,free) could be determined from the absorbance at 273 nm. 15 Similarly, the precipitation reaction was examined in the mixture (pH 3.5) initially containing εPL at 5 mEq/L and NaTPB at different concentrations (cTPB,init = 4 -20 mEq/L), and cTPB,free was determined. In Fig. 4 , the cTPB,free-value is plotted against cTPB,init. When cTPB,init ≥ 10 mEq/L, the cTPB,free vs. cTPB,init plot gave a regression line with a slope of 1.01 ± 0.05, indicating that almost all of the εPLH n+ precipitated upon the addition of more than twice excess TPB -ion. The regression line intersects with the x-axis at cTPB,init = 5.0 ± 0.7 mEq/L, indicating that εPLH n+ forms a precipitate of 1:n stoichiometry, εPLH(TPB)n, as given by
When cTPB,init < 10 mEq/L, the water phase of the mixture was suspended, even after centrifuging. Therefore the determined cTPB,free-values were higher than the calculated ones from the + and K + ions form precipitates with the TPB -anion from aqueous media. 12, 13 In the culture broth with εPL, ca. 150 mmol/L NH4 + and 10 mmol/L K + ions were present initially. Although the NH4 + ion was added as a nitrogen source for microbial growth, it would be left partly after cultivation. Also, many amino acids and peptides would be produced in the culture broth. Thus, the precipitation reaction of some amino acids with the TPB -ion was examined by mixing a 5 mmol/L amino acid, 100 mmol/L CH3COOH, and 5 mmol/L NaOH solution (pH 3.5) and an equivolume of a 200 mEq/L NaTPB solution.
Basic amino acids, such as L-lysine, L-histidine, and L-arginine, and hydrophobic amino acids, such as L-phenylalanine, L-tryptophan, and L-tyrosine, were tested. Interestingly, only L-lysine formed precipitate with the TPB -anion.
Therefore, by the addition of NaTPB to the culture broth with εPL, not only εPLH n+ , but also NH4 + , K + , and monomeric lysine should be precipitated with the TPB -anion. Also, some other products may be precipitated or coprecipitated with the anion. However, monocationic TPB -salts, such as NH4TPB and KTPB, are soluble in some organic solvents. 17 In this study, the solubility of NH4 + , K + , and monomeric lysine salts with TPB -in acetone was estimated to be more than 100 mmol/L. On the other hand, ~0.5 μEq εPLH(TPB)n was not dissolved completely into 50 mL of acetone, indicating that εPLH(TPB)n can be separated from the mixed precipitate by washing with acetone. Here and in the following, ~0.5 μEq εPLH(TPB)n was prepared as follows: 100 μL of the 5 mEq/L εPL solution (pH 3.5) was mixed with 100 μL of the 200 mEq/L NaTPB solution; the mixture was shaken for 3 min and centrifuged; the supernatant was removed.
Also, ~0.5 μEq εPLH(TPB)n was not dissolved completely in 50 mL of 1:1 (v/v) acetone-water. By washing the precipitate with the mixed solvent, some hydrophilic impurities may be removed. Thus, the present separation method consists a washing process with 1:1 acetone-water (step-4 in the procedure described below).
Isolation of εPL as hydrochloride
Ten microliters of the 50 mEq/L εPL solution (non buffer), that is, 0.5 μEq εPL, were transferred into a microtube. Ten microliters of the 1 mol/L HCl aqueous solution were added to the solution. By the addition of 200 μL acetone, a white precipitate was formed in the mixture. After centrifugation, the supernatant was removed to separate the precipitate, which can be considered to be ε-poly-L-lysine hydrochloride (εPLHCln). One hundred microliters, that is, an equivolume to the starting sample medium, of water were added into the microtube, and the precipitate was dissolved completely. The aqueous solution of the prepared εPLHCln was analyzed by UHPLC.
As shown in Fig. 5a , the εPL species (n = 25 -35) as a standard material (5 mEq/L) were detected in the range of the retention time (tr) from 1.8 to 2.5 min, and the two highest peaks can be assigned to 31-and 32-mers. Figure 5b shows a chromatogram of the separated εPLHCln solution. The shape of the chromatographic curve is very similar and the peak area in tr = 1.8 -2.5 min is nearly equal to that of the 5 mEq/L εPL standard solution, indicating that the εPLHCln was precipitated quantitatively from the acetone-water mixed solution containing εPL and HCl.
Instead of the 0.5 μEq εPL, the same operation was performed with 100 μL of the 5 mEq/L NaTPB solution, that is, 0.5 μEq TPB -. No sediment was observed significantly in the microtube. However, some elution peaks were observed in the chromatogram (Fig. 5c ) of the solution prepared by the addition of 100 μL of water into the tube, indicating that some byproducts of the decomposition of TPB -remained in the tube. The UV spectra recorded at the peak tr's showed absorption peaks in the range of 240 -270 nm, suggesting that the byproducts have an aromatic ring. Thus, although the byproducts were contaminated at a lower concentration level, these were detected sensitively with the absorbance at 210 nm. However, such impurities can be removed, as described below.
These results indicate that εPLHCln can be obtained from εPLH(TPB)n according to the reaction: 
εPLH(TPB)n
Instead of the 0.5 μEq εPL and NaTPB, the same operation was performed with ~0.5 μEq εPLH(TPB)n. The resulting precipitate was dissolved into 100 μL of water to prepare the εPLHCln solution, of which the chromatogram is shown in Fig. 6a . The shape of the chromatographic curve in tr = 1.8 -2.5 min was very similar to that of the 5 mEq/L εPL standard solution, and the impurity peaks assigned to the byproducts were also observed.
The impurities could be removed by washing the εPLHCln precipitate. In the same way as described above, the εPLHCln precipitate was prepared in a microtube from the ~0.5 μEq εPLH(TPB)n. Twenty microliters of water were added to the tube, and the εPLHCln was dissolved. Four hundred microliters of acetone were added to the aqueous solution, and the mixture was shaken for 1 min to form the precipitation of εPLHCln again. After centrifugation, the supernatant that may contain impurities was removed. One hundred microliters of water were added to the tube to prepare the test solution of the purified εPLHCln. As shown in Fig. 6b , no peak assigned to the impurities was observed significantly in the chromatographic curve. From a comparison of the peak area with that for the 5 mEq/L εPL standard solution, the concentration of εPL in the test solution was determined to be 4.8 ± 0.2 mEq/L.
Application to biological sample
S. albulus CR1 (wild strain) was cultivated in the culture medium. Figure 7a shows a chromatogram of the εPL producing culture broth after deproteinization with CHCl3. In the range of tr = 1.8 -2.5 min, the εPL species with n = 25 -35 were detected, but the maximum peak can be assigned to 30-mer, indicating that the distribution of the degree of polymerization of the produced εPL is slightly different from that of the standard material. From a comparison of the peak area with that for the εPL standard solution, the concentration of the εPL produced in the culture broth was estimated to be ~3.4 mEq/L. However, many impurity peaks and the significant background signal, which were eluted in less than 1 min, were observed in the chromatogram.
The procedure for the separation of εPL from the 100 μL level samples has been designed as follows:
1. Transfer 100 μL of the sample medium into a microtube, and add 10 μL of the buffer solution containing 1000 mmol/L CH3COOH and 50 mmol/L NaOH into each tube.
2. Add 100 μL of the 200 mEq/L NaTPB solution, and shake the mixture; centrifuge the microtube, and remove the supernatant to obtain the mixed precipitate containing εPLH(TPB)n. 3. Add 200 μL of acetone, and shake the mixture; centrifuge the microtube, and remove the supernatant to separate εPLH(TPB)n. 4. Add 200 μL of 1:1 (v/v) acetone-water, and shake the mixture; centrifuge the microtube, and remove the supernatant to obtain εPLH(TPB)n with higher purity. 5. Add 10 μL of the 1 mol/L HCl aqueous solution, and shake the mixture; add 200 μL of acetone, and shake the mixture; centrifuge the microtube, and remove the supernatant to obtain εPLHCln. 6. Add 20 μL of water, and shake the mixture; add 400 μL of acetone, and shake the mixture; centrifuge the microtube, and remove the supernatant to obtain εPLHCln with higher purity.
According to the procedure, εPLHCln was separated from 100 μL of the culture broth with εPL (without the deproteinization). The separated εPLHCln was dissolved in 100 μL of water to prepare the test solution, of which the chromatogram is shown in Fig. 7b .
The shape of the chromatographic curve in tr = 1.8 -2.5 min is also similar to that of Fig. 7a . The concentration of εPL in the test solution was determined to be 3.2 mEq/L, which is close to that in the culture broth. On the other hand, the intensities of the impurity peaks and background signals were much smaller than those of the culture broth. For example, the peak area in the range of tr < 1 min was reduced to ca. 5%.
Separation of low-molecular-weight εPL
The standard material of εPL (25 g/L) was hydrolyzed by 1 mol/L HCl at 121 C for 20 min to obtain low-molecular-weight εPL. The hydrolysate was neutralized by NaOH, and was used as a reference material. Figure 8a shows the chromatogram of the hydrolyzed εPL solution (1 g/L). In the range of tr ≥ 0.3 min, εPL species with n ≥ 4 were detected.
According to the procedure, the εPL species was separated from 100 μL of the hydrolyzed εPL solution, and the εPLHCln was dissolved in 100 μL of water. A chromatogram of the solution is shown in Fig. 8b . Although an impurity peak was observed at tr = 0.42 min, it is distinguishable from the elution peaks of the εPL species by the UV spectrum. Except for the impurity peak, the chromatographic curve in the range of tr = 0.3 -2.5 min is very similar to that in Fig. 8a . From the peak area in tr = 0.3 -2.5 min, the yield was estimated to be ~90%. The results indicate that the oligomeric εPL species with n ≥ 4 can be separated and purified also by the present method.
Other hydrophobic anions and polyamines
In a previous paper, 16 we reported that 12-molybdosilicate ([SiMo12O40] 4-) anion is useful as a precipitate reagent for the colorimetric detection of εPLH n+ cation. In this study, we found also that εPLH n+ is precipitated from aqueous media by the addition of sodium dicarbollylcobaltate 18 (NaDCC). The results suggest that the hydrophobicity of the anion is important for the precipitation reagent for the polycationic εPL.
The hydrophobicity of ionic species can be evaluated quantitatively with the standard Gibbs transfer energy of the ion from organic solvent, e.g., nitrobenzene, to water (ΔG 0 tr,NB→W). 4-and DCC -anions cannot be decomposed by HCl, it is not easy to obtain εPLHCln from the εPLH n+ salts with the anions. The above results indicate that the present separation method is useful for bioengineering studies on the production of εPL. The method would also be applicable to the separation of other polyamines or basic peptides, which form precipitates with TPB -anion. As a preliminary study, the precipitation of εPLH n+ with commercially available polyamines has been examined instead of biosynthesized ones. The 200 mEq/L NaTPB solution was mixed with an equivolume (100 μL) of the aqueous solution (pH 3.5) containing 5 mEq/L α-poly-L-lysine hydrobromide (molecular weight, Mw = 15000 -30000), glycol chitosan (n > 400), poly(allylamine hydrochloride) (Mw = ~15000), and polyethyleneimine (Mw = ~60000). A white precipitate was formed in these mixtures. All of the precipitates were not dissolved in 100 μL of acetone, suggesting that the polyamines can be separated as polyelectrolyte salts with the TPB -anion. Now the study is being extended to the separation of basic peptides, including streptothricin derivatives containing β-lysine oligopeptides. 23 The present chemical separation method is rapid, simple, and easy to carry out. In conclusion, the present method is useful for the pretreatment of biological samples of polyamines and basic peptides. An example of the application of the present separation method in bioengineering studies will be published elsewhere.
